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†Background and Aims Miscanthus is a perennial C4 grass that is a leading potential feedstock crop for the emerging
bioenergy industry inNorthAmerica, Europe andChina.However, only a single, sterile genotype ofM. × giganteus
(M×g), a nothospecies derived from diploid M. sinensis (Msi) and tetraploid M. sacchariflorus (Msa), is currently
available to farmers for biomass production. To facilitate breeding of Miscanthus, this study characterized genetic
diversity and population structure of Msi in its native range of East Asia.
†MethodsAtotal of767accessionswere studied, including617Msi frommostof its native range inChina, Japanand
South Korea, and 77 ornamental cultivars and 43 naturalized individuals from the USA. Accessions were evaluated
with 21 207 restriction site-associated DNA sequencing single nucleotide polymorphism (SNP) markers, 424
GoldenGate SNPs and ten plastid microsatellite markers.
†Key Results Six genetic clusters of Msi from geographically distinct regions in Asia were identified. Genetic data
indicated that (1) south-eastern China was the origin of Msi populations found in temperate eastern Asia, which is
consistent with this area probably having been a refugium during the last glacial maximum (LGM); (2)Msimigrated
directly from south-eastern China to Japan before migrating to the same latitudes in China and Korea, which is con-
sistentwith the known sequence ofwarming post-LGM; (3) ornamentalMsi cultivarswere derived from the southern
Japan population, and US naturalized populations were derived from a sub-set of the ornamental cultivars; and (4)
many ornamental cultivars previously described as Msi have hybrid ancestry from Msa and Msi, whereas US natur-
alized populations of Msi do not.
†Conclusions Population structure of Msi was driven by patterns of warming since the LGM, and secondarily by
geographical barriers. This study will facilitate germplasm conservation, association analyses and identification
of potential heterotic groups for the improvement of Miscanthus as a bioenergy crop.
Key words:Andropogoneae, bioenergy, biogeography, plastidmicrosatellite, climate change,Miscanthus sinensis,
population genetics, Saccharinae, single nucleotide polymorphism.
INTRODUCTION
Miscanthus × giganteus (M×g) is a high-yielding, perennial,
C4 grass that is an important feedstock crop for the emerging
bioenergy industry in the USA and Europe (Somerville et al.,
2010). A key distinctive feature of M×g relative to other
Andropogoneae crops is its adaptation to temperate en-
vironments as a long-lived perennial, and in particular its
ability to maintain exceptionally high rates of photosynthesis
at temperatures ,14 8C, whereas sugarcane, sorghum and
maize cannot (Long and Spence, 2013). However, only a
single, sterile triploid genotype of M×g, which was imported
from Yokohama, Japan, to Denmark in the 1930s, is currently
available to US farmers (Hodkinson, 2002; Głowacka et al.,
2014). The development of a new crop based on a single geno-
type is highly risky, because the emergence of a virulent
disease or insect strain could damage a large proportion of plant-
ings in a short time.Moreover, new cultivars that yield more and
that are optimized for a range of latitudes and climate zones are
also needed.
Miscanthus × giganteus is a nothospecies, derived from
hybridization between M. sinensis (Msi) and M. sacchariflorus
(Msa) (Hodkinson et al., 2002b). However, little information is
available about the genetic diversity and population structure
of the parental species ofM×g. An understanding of population
structure is essential for enabling selection of parents that maxi-
mize heterosis, a strategy that has been especially successful for
maize, sorghum and sugarcane (Dillon et al., 2007). Additionally,
data on population structure will facilitate association mapping
and genomic selection for improved cultivars using molecular
marker data.
Miscanthus species sensu stricto are native to broad geograph-
ies in East Asia and Oceania, with Msi the most broadly distrib-
uted in Asia (Hodkinson et al., 2002a). Msi is found from sea
level to 2500 m primarily in China, Korea and Japan, but as far
north as Sakhalin and as far south as the Indochinese peninsula
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(Lee, 1964a, b; Frontier-Vietnam, 1997; Newman et al., 2007;
Inthakoun and Delang, 2008; Sun et al., 2010). Msi is adapted
primarily to environments that have an average annual
minimum temperature of –28.9 8C or greater (USDA hardiness
zone 5 or warmer) and receive ≥750 mm of precipitation annu-
ally (Harkevich, 1985; Clifton-Brown et al., 2008; Sun et al.,
2010; Sacks et al., 2013).Msi is an early colonizer after ecologic-
al disturbance in environments that would otherwise support
forest (Numata, 1969; Ohtsuka et al., 1993; Stewart et al.,
2009). A broad geographical range suggests opportunities for iso-
lation and differentiation of populations. However, like most
Miscanthus, Msi is self-incompatible and has wind-dispersed
pollen and seed, which are traits that would be expected to limit
differentiation of populations. The degree of population differen-
tiationhasonlybeenpartially tested forMsiover someof its native
range, including studies in South Korea (Qin et al., 2013), Japan
(Shimono et al., 2013), the Izu Islands (Iwata et al., 2005,
2006), Taiwan and the Ryukyu Islands (Chou et al., 2000), and
China (Xu et al., 2013; Zhang et al., 2013; Zhao et al., 2013),
and between South Korea and Japan (Slavov et al., 2013). Msi
in Japan were found to be distinct from those in Korea (Slavov
et al., 2013), and structure was detected among populations in
Japan (Shimono et al., 2013) and in China (Xu et al., 2013;
Zhang et al., 2013; Zhao et al., 2013). Because there was little
overlap in geographical sampling or types of molecular marker
used among previous studies, it has not been possible to obtain an
East Asia-wide perspective of genetic diversity, interpopulation
relationships and evolution in Msi.
In the USA and Europe, Msi is currently a common garden
plant, whereas in Asia it is rarely planted, though some wild
populations have been managed traditionally for thousands of
years by burning or grazing (Stewart et al., 2009). Ornamental
cultivars of Msi were purchased from Japan for import into the
USA in the early 1870s (Anonymous, 1876) and became
popular in American gardens by the early 1900s (Bailey and
Miller, 1901). Since the 1960s, .100newhorticultural cultivars
of Msi were bred, many by German nurseryman Ernst Pagels
(Darke, 1994; Hatch, 2011). Previous molecular studies evalu-
ated genetic diversity among ornamental cultivars of Msi
(Greef et al., 1997; Hodkinson, 2002), but relationships be-
tween the ornamental cultivars and wild Asian populations
were not explored. In the USA, naturalized populations of Msi
have become established and, though infrequent, they can be
locally abundant, especially in the southern Appalachians
(Quinn et al., 2010). A recent study compared genetic diversity
between nativeMsi populations in Japan and naturalized popula-
tions in the USA (Quinn et al., 2012), but relationships between
naturalized populations, ornamental cultivars and native Asian
populations were not determined. Thus, the potential value of
naturalized and ornamental Msi as a genetic resource for devel-
oping improved biomass cultivars of M×g has been unclear.
In this study, we report on current genetic diversity and popu-
lation structure of Msi, a key genetic resource for the newly im-
portant bioenergy crop M×g, in the context of climate change
since the last glacial maximum (LGM). In total, we studied
767 Miscanthus accessions, including 617 Msi from their
native range in China, Japan and South Korea, in addition to
US-sourced ornamental cultivars and US naturalized popula-
tions (Supplementary Data Table S1 and Dataset). To provide
an evolutionary context, accessions from all three taxonomic
sections (Hodkinson et al., 2002a) of the genus Miscanthus were
included: Triarrhena (12 Msa), Kariyasua [1 M. oligostachyus
(Mol)] and Miscanthus [703 Msi and 4 M. floridulus (Mfl)]. The
accessions were screened with 21 207 single nucleotide poly-
morphism (SNP) markers identified via the UNEAK pipeline in
TASSEL (Bradbury et al., 2007) from restriction site-associated
DNA sequencing (RAD-seq), 424 GoldenGate SNPs developed
previously for two ornamental Msi cultivars (Swaminathan
et al., 2012) and ten plastid simple sequence repeat (SSR)
markers (de Cesare et al., 2010; Jiang et al., 2012). Our objectives
were (1) to identify centres of genetic diversity for Msi and eluci-
date its history of expansion and migration in Asia; (2) to deter-
mine the origins of ornamental and naturalized Msi in the USA;
and (3) to understand the degree of divergence and hybridization
betweenMsiandotherMiscanthus species.This is thefirst study to
employ tens of thousands of SNP markers to address these ques-
tions, and the first to include such a broad geographical sampling
and large number of individuals.
MATERIALS AND METHODS
Plant materials and DNA extraction
Seven hundred and sixty-seven Miscanthus accessions were
studied, most of which were wild-collected Msi genotypes
from its native range in China, Korea and Japan, but also orna-
mental cultivars, biomass cultivars, collections from naturalized
populations in the USA and germplasm accessions from the US
Department of Agriculture (Supplementary Data Table S1).
Genotypes of Msa, Mol and Mfl were included for comparison
(Table S1). DNAwas extracted via a CTAB (cetyltrimethylam-
monium bromide) protocol (Kabelka et al., 2002). Initial pheno-
typic identification of the specieswas based on the systematics of
Hodkinson et al. (1997).
RAD-seq
Sequencing library preparation was based on the protocol of
Poland et al. (2012), using 96 barcoded adaptor sequences
from Thurber et al. (2013). Additional details are provided in
the Supplementary Data Methods. All sequence data from this
study, totalling 1 359 127 782 reads separated by barcode, have
been deposited in the NCBI Sequence Read Archive
(BioProject SRP026347). Because Miscanthus has undergone
agenomeduplicationwith respect toSorghum, its closest relative
for which a genome sequence is available (Ma et al., 2012), we
analysed RAD-seq data with the UNEAK pipeline in TASSEL
version 3.0.146, due to its ability to distinguish true SNPs from
paralogues in organisms for which a reference genome is un-
available (Lu et al., 2013). Three Msi doubled haploid lines
(Głowacka et al., 2012; Swaminathan et al., 2012)were included
in the marker analyses to confirm genotyping quality (i.e. distin-
guishing between heterozygous and paralogous alleles). A
minimum call rate of 50 % was selected based on improved
ability of SNPs to detect variation in Msi with respect to a 90 %
minimum call rate (Supplementary Data Fig. S1). Sequences
of retainedSNPs, andSNPs removed forappearingheterozygous
in doubled haploid lines, are listed in the SupplementaryDataset.
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GoldenGate markers
An oligonucleotide assay pool (OPA) containing 672 SNP
assays, including 658 previously mapped SNPs (Swaminathan
et al., 2012), was designed on the Illumina website. A total of
764 Msi, Mfl and Msi var. transmorrisonensis individuals were
assayed with this OPA at the Functional Genomics Unit of the
Roy J. Carver Biotechnology Center at the University of Illinois.
Msa andMol individualswere omitted fromGoldenGate genotyp-
ing due to low transferability of the markers across species.
Genotypes were curated manually using Illumina Genome Studio
software, and markers that were uninterpretable on one or more
plates were discarded. The Illumina IDs and sequences of 424
retained markers and 248 discarded markers are listed in the
Supplementary Dataset. Although RAD-seq SNPs were used
in most analyses due to expectation of ascertainment bias in
GoldenGate SNPs, GoldenGate SNPs were used for calculation
of FIS due to heterozygote undercalling in the RAD-seq SNPs.
Plastid markers
Ten previously published plastid microsatellite markers (de
Cesare et al., 2010; Jiang et al., 2012; Supplementary Data
Methods) were used to analyse diversity and distribution of ma-
ternally inherited genes. Size separation of the PCR products by
capillary electrophoresis was done on a 3730xl DNA Analyzer
(Applied Biosystems, Foster City, CA, USA) with GeneScan
500 LIZ size standard. Marker scoring was accomplished with
STRand software v. 2.4.59 (http://www.vgl.ucdavis.edu/STRand;
Toonen and Hughes, 2001).
Data analysis
SNP data were analysed using the software Structure (Falush
et al., 2003), Structure Harvester (Earl and vonHoldt, 2011), ade-
genet (Jombart et al., 2010; Jombart andAhmed, 2011), TASSEL
(Bradbury et al., 2007), ape (Paradis et al., 2004), mmod (Winter,
2012), pegas (Paradis, 2010), GenAlEx (Peakall and Smouse,
2006), TreeMix (Pickrell and Pritchard, 2012) and an R script
implementing an algorithm from PowerMarker (Liu and Muse,
2005). Plastid data were analysed using the software polysat
(Clark and Jasieniuk, 2011) and source code from pegas (Paradis,
2010). Additional details regarding data analysis are provided in
the Supplementary Data Methods.
RESULTS
Population structure in Asia
Seven genetic clusters (K ¼ 7) based on nuclear SNP data were
identified, including six clusters ofMsi from geographically dis-
tinct regions inAsia andone cluster forMsa (Fig. 1A–C). Fourof
the Msi clusters were from mainland Asia (south-eastern China,
Yangtze-Qinling, Sichuan Basin, Korea/North China), and two
were from Japan (southern and northern; Fig. 1A). The software
Structure (Falush et al., 2003; Evanno et al., 2005) and the dis-
criminant analysis of principal components (DAPC) algorithm
in the R package adegenet (Jombart et al., 2010) both indicated
K ¼ 7 across the entire data set, or K ¼ 6whenMsawas omitted
(Supplementary Data Fig. S2). The Mol individual was omitted
from these analyses since both algorithms would be expected to
have difficulty finding correct clusters when only a single indi-
vidual belonged to a group. The DAPC analysis produced
similar results for RAD-seq and GoldenGate SNPs (Fig. 1B),
so the clusters identified using RAD-seq data were chosen for
all subsequent analysis due to expectation of ascertainment
bias inGoldenGateSNPs.Cluster assignments forall individuals
are provided in the Supplementary Dataset. Sub-structurewithin
the south-eastern China and Yangtze-Qinling populations was
indicated by their division into sub-regions with different pat-
terns of admixture (Fig. 1A, B), and by significantly higher FIS
values (Table 1).
The south-eastern China and the Korea/North China clusters
had the greatest nuclear gene diversity among the Msi popula-
tions, based on estimates of Nei’s D from RAD-seq SNPs
(Table 1). The northern Japan and the Sichuan Basin clusters
were the least diverse based on Nei’s D (Table 1) and were the
most differentiated from the other clusters as indicated by rela-
tively high FST (Table 1) and high pairwise estimates of Jost’s
D (Fig. 2). Low diversity and high differentiation are consistent
with northern Japan and the Sichuan Basin being the most geo-
graphically isolated clusters.
All accessions were treated as diploid for the purpose of SNP
analysis. Based on theRAD-seqSNPs, the average observed het-
erozygosity per individual was 0.0811 with a standard deviation
of 0.0194. The known triploidM. sinensis ‘Goliath’ (Chae et al.,
2014) had an observed heterozygosityof 0.1680, higher than that
of all other accessions, and for this reason was excluded from
SNP analysis (Supplementary Dataset).
Strong geographical differentiation was also seen among plastid
haplotypes (Fig. 3). Patterns of differentiation (Jost’s D) were
similar for nuclear SNPs and plastid haplotypes, although the
degree of differentiation was higher in the plastid genome than in
the nuclear genome (Fig. 2; Supplementary Data Table S3).
However, the groups with the highest diversity in terms of nuclear
SNP data were not necessarily the most diverse in terms of plastid
data (Table 1). The most common haplotype in southern China
was at the centre of the haplotype network, whereas the most
common haplotype north of the Yangtze River was diverged from
it by several mutational steps (Fig. 3D, H). Korea and Japan were
both split across two divergent regions of the haplotype network
(Fig. 3).
Additionally, Neighbor–Joining analysis of the RAD-seq
SNP data via TASSEL 3.0.146 (Bradbury et al., 2007) identified
major groups that were consistent with the DAPC and Structure
analyses, and provided additional resolution of population sub-
structure (Fig. 1D). As expected, Msa and Mol were outgroups
to Msi in both the Neighbor–Joining analysis (Fig. 1E) and the
SSR-derived plastid haplotype network (Fig. 3), providing a
useful root to facilitate interpretation.Mflclusteredwith the earli-
est branching group ofMsi (coastal south-eastern China, includ-
ingOkinawa and Taiwan; Fig. 1D, E) and had plastid haplotypes
common in Msi (Fig. 3). Given that the plastid haplotype
networkwas centred on southern China (Fig. 3D), and the south-
eastern China DAPC cluster was at the centre of the minimum
spanning tree between clusters (Fig. 1C), south-eastern China
was used as the outgroup in TreeMix (Pickrell and Pritchard,
2012) for further elucidating the divergence and subsequent mi-
gration between genetic groups (Fig. 4A).
Eleven accessions from China were found to be interspecific
hybrids between Msa and Msi, as indicated by admixture in
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Fig. 1A and B. Because plastids are inherited maternally in
grasses (Corriveau and Coleman, 1988), wewere also able to de-
termine that for nine of the hybridsMsawas thematernal parent.
With one exception, the hybrids appeared to beF1 hybrids based
on approximate 1:1 ratios of genetic composition determined by
Structure (Fig. 1B, Supplementary Dataset). Of the non-hybrid
individuals, we did not observe any that had an Msa plastid
haplotype in combination with an Msi nuclear genome, or vice
versa (Fig. 3; Supplementary Dataset).
Where did US ornamental cultivars and naturalized Msi originate?
Southern Japan was the origin of nearly all ornamental Msi
cultivars in the USA, as indicated by cluster analysis (Fig. 1B),
phylogenetic analysis (Fig. 1D), Jost’s D statistic (Fig. 2) and
similarity of plastid haplotypes (Fig. 3; Supplementary Data
Table S3). The two most common Msi plastid haplotypes in
the USA were unique to southern Japan (Fig. 3A, B) and,
among rarer haplotypes found in the USA, none was unique to
other regions of Asia (Fig. 3). A single exception to the southern
Japan origin ofMsi ornamental cultivars wasMsi var. transmor-
risonensis, which was part of the south-eastern China cluster
(Fig. 1), supporting historical documentation that it was intro-
duced from Taiwan (Darke, 1994). Unexpectedly, admixture
(Fig. 1B) and principal component analyses (Supplementary
DataFig. S3) revealed that nearly half of theornamental cultivars
labelled as Msi were in fact BC1 or BC2 hybrids of Msi crossed
with either Msa or Mol, and that Msi was the female recurrent
parent species (Figs 1B and 3). All hybrid ornamentals were
also derived from southern Japanwith regards to theMsi compo-
nent of their ancestry, with the exception ofMsi × Msa var. pur-
purascenswhichwas derived from theKorea/NorthChina group
(Supplementary Dataset).
Naturalized Msi populations in the USA were derived from
ornamental Msi (Figs 1 and 3), but did not have any ancestry
from Msa or Mol (Fig. 1B). Naturalized populations were closely
related to non-hybrid cultivars, as indicated by Jost’s D (Fig. 2).
The high FIS value of naturalized accessions (Table 1) indicated
population sub-structure within this group.
DISCUSSION
Evolution of Msi since the LGM
In this study, nuclear and plastid data indicated that south-eastern
China and nearby islands were a centre of radiation forMsi, with
multiple paths of migration northward into eastern Asia. To
understand both the sequence and the approximate timing of di-
vergence and migration for Msi populations in Asia, we com-
bined information from our genetic analyses with a series of
previously published vegetation maps from the LGM to the
present, whichwere based primarily on analyses of palaeopollen
in conjunctionwith 14Cdating (WinklerandWang, 1993;Adams
and Faure, 1997; RayandAdams, 2001). During the LGM,when
the climate in Asia was colder and drier than at present, the dis-
tribution of Msi in Asia was probably limited to a refugium in
coastal areas from southern Taiwan to Hainan that are now
mostly submerged under the South China Sea, and on the
Indochinese peninsula, because these areas had sufficiently
TABLE 1. Diversity and inbreeding of M. sinensis clusters
N Ncp GScp D FIS FST
South-eastern China plus tropical 125 22 0.75+0.04 0.131+0.001 0.1352+0.0005 0.0177+0.0002
Yangtze-Qinling 114 18 0.57+0.06 0.125+0.001 0.1096+0.0006 0.0160+0.0002
Sichuan Basin 58 9 0.74+0.04 0.120+0.001 0.0708+0.0007 0.0295+0.0005
Korea/North China 195 12 0.48+0.04 0.130+0.001 0.0546+0.0004 0.0288+0.0003
Northern Japan 96 6 0.25+0.06 0.113+0.001 0.0636+0.0005 0.0374+0.0005
Southern Japan 32 11 0.87+0.04 0.123+0.001 0.0612+0.0007 0.0079+0.0001
US nurseries, hybrid 34 5 0.28+0.10 0.138+0.001 –0.1356+0.0006
US nurseries, non-hybrid 42 10 0.80+0.04 0.128+0.001 0.0188+0.0006
US naturalized 43 3 0.55+0.07 0.119+0.001 0.1139+0.0006
Groupings in the native range are based on DAPC of RAD-seq data (Fig. 1C). Individuals from US nurseries are split into hybrid and non-hybrid groups based
on Structure analysis (Fig. 1B).
N, number of individuals; Ncp, number of plastid haplotypes; GScp, Gini–Simpson index, calculated from plastid haplotype frequencies; D, diversity, as
calculated from expected heterozygosity of RAD-seq SNPs; FIS, inbreeding coefficient calculated from expected and observed heterozygosity of GoldenGate
SNPs; FST, differentiation from the other five native clusters, estimated from allele frequencies of RAD-seq SNPs using adegenet (Jombart and Ahmed, 2011).
Standard errors are given.
FIG. 1. Genetic clustering ofMiscanthususing21207RAD-seqSNPs and424GoldenGate SNPs.Arrows from (C) to (B), (B) to (A) and (D) to (E) showconnections
betweenanalyses as describedbelow. (A)Mapof collections in thenative range.Each accession is representedbyapie chart showingancestry (Q) among sevengenetic
clusters as determined by analysis with the software Structure. Elevation in Asia is shown as a grey scale. (B) Bar charts showing Q values from Structure analysis or
posterior probabilities of assignment to groups based on discriminant analysis of principal components (DAPC). The top bar chart, representing 641 individuals from
thenative range,wasused to create thepie charts seen in (A),with the exceptionofpie charts in theUSA,whichwerecolouredbasedon the secondbarchart fromthe top,
which contains an additional 120 individuals from theUSAand four Japanese biomass cultivars.Msa,M. sacchariflorus; hyb., naturalM. sacchariflorus ×M. sinensis
hybrids; US nurs., US nurseries and Japanese biomass cultivars; US nat., US naturalized accessions. (C) Scatterplot depicting relationship between the sixM. sinensis
clusters as determinedbyDAPCofRAD-seq data from620M. sinensis andM. floridulus from the native range. The first two discriminant axes are plotted.Clusters are
connected by a minimum spanning tree. Eigenvalues are shown for the first 200 principal components, which were those included in the analysis. (D) Neighbor–
Joining tree of 722 non-hybrid individuals, derived from identity-by-state probabilities in TASSEL 3.0 from RAD-seq data. ‘Root’ indicates the node at which the
M. sacchariflorus outgroup connects to the rest of the tree. Branches are coloured based on DAPC groupings as in (C), with the exception of individuals from the
USA. (E) Sub-set of Neighbor–Joining tree from (D), showing groups adjacent to the root of the tree.
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warm andmoist environments to support tropical grasslands and
forest, whereas the rest of eastern Asia did not (Fig. 4B; Ray and
Adams, 2001). For example, during the LGM, southern Japan
and the Sichuan Basin harboured open boreal woodlands (Ray
and Adams, 2001) comparable with the Siberian taiga today, in-
dicating that the climate there was too cold to be habitable for
Msi. Near present-day pine (Pinus) and birch (Betula) forests
in the Ussuri and Amur River watersheds of eastern Russia,
Msi is absent (E. Sacks, pers. obs., 2012 USDA-ARS and
N. I. Vavilov Research Institute collection expedition).
Similarly, during the LGM, pollen and phytolith data from the
Mt. Aso caldera onKyushu in southern Japan indicated the pres-
ence of pine and birch forests and an absence ofMsi (Hase et al.,
2012; Miyabuchi et al., 2012). Consistent with the predicted re-
fugium based on climate during the LGM, Msi from south-
eastern China was the central branching point of the minimum
spanning tree of DAPC clusters (Fig. 1C), and the closest
group to the root of the phylogenetic tree (Fig. 1D), indicating
that Msi radiated from this region into the rest of Asia.
Additionally, the south-easternChinapopulationhad thegreatest
number of plastid haplotypes (Table 1), and the most common
haplotype in south-eastern China was identified as the most an-
cestral of the species, given its central location in the haplotype
network and its connection to the Msa section of the network
(Fig. 3).
After theLGM,warming in Japan precededwarmingonmain-
landAsia, such that byapprox. 14 000 years before present (ybp)
nearly all of Honshu had a temperate climate favourable forMsi,
whereas suitable climate on the mainland was still restricted to
south of the Yangtze River (Winkler and Wang, 1993; Adams,
1997; Fig. 4B). Consistent with the early warming of Japan,
the Japanese Msi populations were the most distal on the phylo-
genetic tree, indicating an early migration, presumably of wind-
blownseed, viawhatwas thenanarrowsea gap from the ancestral
population in south-eastern China (Fig. 1D). Japan may have
cooled again during the Younger Dryas 12 800–11 500 ybp
(Adams, 1997), which would have caused Msi to retreat south-
wardoronto small islandswith awarmermaritimemicroclimate,
but nevertheless our data indicate a stronger genetic connection
between south-eastern China and Japan than between Korea and
Japan (Figs 1C and 2). Moreover, our indirect analyses based on
general vegetationmaps andmolecular genetics are supportedby
direct evidence fromMt. Aso, where phytolith data indicate that
the currently extensive colonization of the caldera by Msi is part
of a continuous occupation that started approx. 13 500 ybp
(Miyabuchi et al., 2012). Genetic isolation of the northern
Japan population from the mainland contrasts with evidence
for gene exchange between the southern Japan and Korea/
North China populations (Figs 1A and 2; Table 1), indicating
that the northern Japan population became established in nor-
thernHonshuandHokkaidoprior to the arrival ofMsi in northern
China and Korea. Plastid data further support an early split
between the south-eastern China population and the Japanese
populations, as the haplotype that wasmost common in northern
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Japan was related by one mutational step to the most common
haplotype in southern China (Fig. 3). The relatively low nuclear
genetic diversity of both Japanese populations is consistent with
an initial migration of a relatively small founder population from
south-eastern China to Japan followed by rapid expansion
(Fig.4B,C;Table1).Additionally,migrationbetweensouth-eastern
China and southern Japan remains possible inmodern times via the
Ryukyu Islands.
As awarmer andmoister climate rapidly returned tomainland
Asia after approx. 10 000 ybp, primary migrations of Msi oc-
curred from south-eastern China to the north of the Yangtze
River and west to the Sichuan Basin, and north to north-eastern
China and Korea (Figs 1 and 4). Analyses of nuclear SNP data
with the software TreeMix (Pickrell and Pritchard, 2012) indi-
cate that theKorea/NorthChina andYangtze-Qinlingpopulations
radiated from south-easternChina separately from the populations in
JapanandtheSichuanBasin(Fig.4A).Asindicatedbythephylogen-
etic tree, the easternYangtze River regionwas a secondary centre of
mainland radiation during this period (Fig. 1D). Admixture between
theSichuanBasinpopulationandportionsof the south-easternChina
population indicates secondary north–south migrations between
these populations (Fig. 1A). Additionally, the plastid haplotype
most common in theKorea/NorthChina andYangtze-Qinlingpopu-
lations is separated by several mutational steps from the haplotype
most common in south-eastern China, reflecting the later date of
thisradiationwithrespect totheearlierprimarymigrationfromsouth-
easternChina to Japan (Fig. 3). Several haplotypes derived from this
common haplotype north of the Yangtze are also found in Japan, in-
dicating a secondarymigration to Japan fromKorea (Figs 3 and 4C).
Analysis of molecular variation (AMOVA; Excoffier et al.,
1992) indicated that 69 % of the genetic variation for Msi was
within clusters, and that 40 % of between-cluster variation was
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between mainland Asia and Japanese populations (Supplementary
Data Table S2). For outcrossing plant species, genetic variation
is typically greater within than among populations. For maize,
variation among clusters and sub-clusters accounted for only
10.7 % of genetic variation (Vigouroux et al., 2008), and for
switchgrass, variation among genetic pools accounted for 22 %
of the total (Zhang et al., 2011). The relatively high proportion
of variation (31 %) among clusters for Msi may be attributed to
having not been subjected to bottlenecks and migrations asso-
ciated with domestication, as was maize, and to greater isolation
by seas (e.g. for Japan and Korea) and mountains (e.g. for the
Sichuan Basin) relative to switchgrass (Fig. 1A).
The four Mfl individuals in this study, which were frommain-
land China, Japan, New Caledonia and Papua New Guinea, clus-
teredwith the south-easternChina population ofMsi, in particular
the sub-population fromOkinawaandTaiwan (Fig. 1D,E), calling
into question the validity of having two different species names.
Additionally, all plastid haplotypes observed in Mfl were also
common in Msi (Fig. 3). These results were consistent with
anothermolecular phylogenetic study, inwhich oneMfl genotype
was embedded in Msi genotypes (Hodkinson et al., 2002a). In
contrast to the more northerly distribution of Msi, Mfl has a sub-
tropical to tropical distribution from southern China throughout
the Pacific islands to New Guinea (Clifton-Brown et al., 2008;
Sacks et al., 2013). Phenotypic intergradation between Msi and
Mflwhere the two species overlap geographically has been a long-
standing taxonomic problem (Hooker, 1893; Sun et al., 2010).
Though sampling of Mfl in the current and previous studies
(Hodkinson et al., 2002)was too limited to reach firm conclusions
about the relationship of this taxon toMsi, the results suggest that
modern molecular tools applied to an in-depth study ofMfl diver-
sity and population structure in relation toMsiwould be valuable.
This close relationship betweenMfl and the earliest branching,
sub-tropical Msi group (Fig. 1D, E) raises the intriguing question
ofwhetherMsiandMfloriginated insouth-eastAsia thenmigrated
to the Southern Hemisphere, or if they originated in Australasia
and migrated northward. Notably, New Guinea is currently a centre
of diversity for the closest relative of Miscanthus, Saccharum
(Grivet et al., 2006), including the domesticated S. officinarum and
its wild progenitor S. robustum (Paterson et al., 2013). However, in
support of the Asian origin hypothesis is the fact that species di-
versity in Miscanthus is currently greatest between 30 and 408N
inAsia (Hodkinson et al., 2002a). Given the potential for genetic
bottlenecks associated with migration over multiple islands, and
the large distance betweenmainland south-easternAsia andNew
Guinea, we would expect the Msi and Mfl populations from the
centre of origin to have greater allelic diversity than derived
populations. Additional sampling of populations in the Southern
Hemisphere would provide a means of testing these competing
hypotheses of origin.
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Origins of ornamental and naturalized Msi in the USA
To the best of our knowledge, this is thefirst study to report that
many of the ornamental Miscanthus cultivars sold as Msi are
actually interspecific backcross hybrids, with Msi used as the
recurrent female parent. These interspecific hybridizations were
probably an effort by plant breeders in Europe and the USA to in-
trogress genes for earlier flowering and greater winter hardiness
into an Msi population that was otherwise adapted to a mild
climate (USDA hardiness zones 8 and 9), and photoperiods asso-
ciated with approx. 30–358N. As expected for wide crosses,
nuclear genetic diversity was relatively high among the interspe-
cific hybrids, but the low plastid diversity indicated that few Msi
parents were used (Table 1). The naturalized populations,
however, were only derived from Msi and not the interspecific
backcross cultivars, suggesting either a lack of fitness of interspe-
cific hybrids, or insufficient time for establishment of naturalized
populations since the releaseof backcross interspecific hybrid cul-
tivars to the nursery trade. Low nuclear and plastid genetic diver-
sitywith respect to non-hybrid cultivars (Table1) suggests that the
naturalized populations were derived from a small set of founder
ornamental genotypes. Different populations of naturalized Msi
were derived from different sets of ornamental cultivar parents, as
indicated by the highFIS value of naturalized accessions (Table 1).
Msi germplasm resources for crop improvement
In our set of 617Msi individuals from the native range, 90%of
polymorphic RAD-seq loci (95 % of RAD-seq alleles) could be
capturedwitha relativelysmall core set of 55 individuals selected
to maximize the number of included SNP alleles (Supplementary
Data Fig. S4 and Dataset). Self-incompatibility, wind dispersal
and the relatively short time for the development of population
structure since the LGM all probably contributed to the small
number of individuals required to obtain a highly representative
core population. In contrast to the wild germplasm, the sets of
43 naturalized individuals and 76 ornamental cultivars from the
USA captured only 46 and 68 % of the polymorphism from
the native range, respectively (Supplementary Data Fig. S4).
The genetic bottleneck associated with US Msi germplasm was
a previously unknown limitation to breeding improved bioenergy
feedstock cultivars of Miscanthus. However, our core germplasm
set, or one with a similar distribution across genetic clusters and
geographical area, would provide an excellent starting point for
breeding new M×g biomass cultivars. Additionally, individual
core populations for each of the identified clusters (Supplementary
Dataset) could be established to facilitate population improvement
inMsiwhilemaintainingpotential heterotic groups.The individuals
in the core populations represent adaptation to a wide range of lati-
tudes and climates, and probably possess desirable alleles for yield
traits, pest and pathogen resistance, and abiotic stress tolerance.
Conclusions
Whereasmaize, sorghum and sugarcane have population struc-
tures dominated bya historyof anthropogenicmovement in recent
millennia (Van Heerwaarden et al., 2011; Morris et al., 2013;
Paterson et al., 2013), we found that the population structure of
Msi appeared driven primarily by patterns of warming since the
last glaciation, and secondarily by geographical barriers such as
seas and mountains. Knowledge of Msi population structure pro-
vided by this studywill facilitate germplasmconservation, associ-
ation mapping and genomic selection. Moreover, discovery of
distinctMsipopulations is afirst step towards identifying potential
heterotic groups. Currently, a few triploid M×g genotypes have
been bred at the University of Illinois but not yet released, and
the ancestryof each is entirely fromsouthern Japan.With the iden-
tification of six main Msi populations in eastern Asia, it may be
possible tobreedM×gwithgreaterheterosis andyieldbycrossing
tetraploid Msa with Msi from populations other than southern
Japan. M×g has proved a remarkably productive and sustainable
bioenergy feedstock in Europe and the USA, its high yields min-
imizing the landareaneeded for large-scalebioenergyproduction.
However, the single genotype that has been used and trialled at
scale, to date, is poorly suited to colder and warmer climates in
Europe and the USA. Breeding improved cultivars of perennial
bioenergycrops, suchasMiscanthus,will contribute towardsmiti-
gation of anthropogenic climate change, possibly humanity’s
greatest present challenge.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Dataset: information
on individuals and markers used in the study. Table S1:
Miscanthus collections used in the present study. Table S2: ana-
lysis of molecular variance (AMOVA) of 620 M. sinensis and
M. floridulus individuals sampled in the native range. Table
S3: pairwise Jost’s D statistics showing genetic differentiation
between Msi groups in terms of plastid haplotype frequencies.
Fig. S1: choice of minimum call rate for RAD-seq markers gen-
erated from theUNEAKpipeline. Fig. S2: selection of numberof
clusters for structure andDAPCanalysis. Fig. S3: principal com-
ponent analysis demonstrating hybrid ancestry ofMsi accessions
from US nurseries. Fig. S4: proportion of polymorphic loci cap-
tured in core sets vs. number of individuals in the set. Methods:
details for DNA extraction, sequencing library preparation,
UNEAK pipeline, SNP analysis and plastid markers.
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